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‘Introduction

This report summarizes progress on NASA Grant NGR-~05-009-030 during
the third semiannual period March 1967 - September 1967.

The major effort during this period was devoted to a detailed investi-
gation of the current spoke that was detected last year. Small Rogowski
coils have been developed which have made it ppssible to map the current
distribution and thus define the spoke structuré more clearly.

Plasma flow velocities have heen detected in the spoke with biased

electric probes. The plasma appears to rotate with the spoke and exhibits

a complex internal structure.

1. Operating conditions

Nearly all of the work during this period has been performed under
the followlng standard conditions:
Arc voltage: 75 volts
Arc current: 550 amps
BzO: 2200 gauss
Propellant: Argon
The propellant flow rate is estimated by combining our prior knowledge of
the total content of the gas plenum chamber with the flow duration as
observed with a fast ion gauge placed at the accelerator muzzle. This
rate is about .02 g/sec. |
Measurements made with the fast ion gauge indicate that the neutral
gas density in the arc region is about‘S X 10lh atoms/cm3. Furthermore,
the gas flow seems to be azimuthally symmetric in this region.
The rotation frequency of the current spoke under standard conditions
is approximately 4O ke. The variation of rotation frequency with the pro-

duct of arc current and magnetic field strength is shown in Figure 1.
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2. Spatial distribution of current

An improved, more compact Rogowski coil design has been employed fof
detailed measurements of the current distribution. Two coils, each having
a‘collection area of 1.8 cm2, were used to measure the components of J in
the arc region. A matrix of points in the r-z plane was covered, the r
intervél being 0.5 cm. and the z interval 1.0 cm. The combined data was
then used to determine the magnitude and direction of the current density
vector at each point. The resulting current streamlines and current density
contours are shown in Figure 2.

The azimuthal distribution of radial current is shown in Figure 3.
These points are taken from a Jr run along a radius at z = 9.5 cm., which
is approximately the axial location of the meximum current density.  The
pair of points plotted at each radius represent the half-intensity levels
of the current pulse as seen on the Rdgowski coil output. The error bars
are derived from the scatter among the several traces on the multi-rotation
overlay. It can be seen that the scatter associated with the rise of the
current is far less than that which accompanies the drop; such behavior is
commonly observed in "current sheet" plasma accelerators. It is clear that
there is no significant spiralling of the current in the hody of the arc;
thus no azimuthal current flows in this region.

The existence of a significant potential drop in the anode sheath and
the corresponding large radial electric field in that region leads one to
conclude thét the electrons in the anode sheath should experience an ExB
drift in the 6 direction. This would constitute an azimuthal current flow
which should be detectable via the magnetic field it produces. Figure L
shows the integrated output of an axial magnetic field probe positioned
Just outside of the accelerator muzzle and at a radius slightly less than

that of the anode sheath. The base line of the picture is the magnitude
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streamlines at center of spoke.
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Fig. 3. © Distribution of current




Fig. L. ABZ at a radius slightly less than that of the

anode sheath. Sweep 5 psec./cm.

Fig. 5. Photomultiplier telescope output. Sweep 5 psec./cm.
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. of the bias field with no arc present. A pure radial spoke with no azi-

muthal current in the anqde sheath would produce a symmetric perturbation
about the vacuum magnetic field. The fact that the observed perturbafion
1s not symmetric therefore indicates that an azimuthal current flows in

the anode sheath. The magnitude of the asymmetry corresponds to a total

azimuthal current of the order of 50 amps.

3. Optical observations

A photomultiplier telescope with a very limited acceptance angle has
beeﬁ developed., With this instrument it is possible to measure spatial
variations in the intensity of the total visible radiation from the arc.
Figure 5 1s a typical scope display of the photomultiplier output at one

point in space. The maximum light Intensity seems to be well correlated

with the maximum current density in the arc. The intensity of the light

radiated from the spoke is much greater than that from any other region
of the accelerator except for the incandescent cathode. The magnitude of
the maximum intensity seems to be independent of radial position along the
spoke.

The output of the photomultiplier telescope 1s now being utilized as
a very reliable phase reference trigger to overlsy data traces for succes-
sive spoke rotations. Its performance in this application indicates that
such a device would be useful as & "spoke detector" in steady state MPD
arcs, where internal diagnostics are not practical.

A similar telescope has been mounted onAthe input of a spectrograph
to permit observation of the spatial variations of line intensities.

The electron temperature is being determined from line intensity
ratios of radiation from AI, AIT and H (1% doping). Initial observations

of intensity ratios of atomic lines indicate that the electron temperature




b=

" is of the order of 1 eV. In this tempersture range, however, the ratio
of atomic line intensities is relatively insensitive to the electron

temperature. The sensitivity will be increased by using ratios of ionic
line intensities, since there are a few AII lines which have excitation

energies differing by approximately 3 eV.

4. Electric fields

The electric fields in the arc region have been measured using differ-
ential floating double probes. The reproducibility of electric field
measurements in the spoke is failrly good at larger radii where the spoke
structure is well defined. Near the axis much scatter exists in the data,
probably due to slight variations in the shape of the spoke in this region
as it rotates.

Figure 6 shows values of the radial and aszimuthal electric field com-

ponents measured in the current spoke.

5. Spatial potential distribution

Through better probe design and & more reliable phase reference from
the photomultiplier telescope, it has been possible to improve the equi-
potential data included in the last report. This improved data is shown
in Figure 7. The potential map is plotted with the center of the spoke
in the top half of the plane. The presence of a thin anode sheath with
approximate;y a 30 volt potential drop is clearly evident.

The radial dependence of the floating potential in the current spoke
is shown in Figure 8. The radial electric field deduced from the slope
of the floating potential plot agrees, within scatter, with that measured
directly with the differential probes.

The variation of the potential drop in the anode sheath with changes
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" in arc current and bias field is shown in Figures 9 and 10. The anode

drop for this measurement. is assumed to be approximately equal to the dif-
ference between the floating potential of a probe 3mm from the anode and
the anode potential.

There is an error inherent in this assumption due to the difference
between- the floating potential and the plasma space potential. Since the
DPlasme seems to be moving azimuthally with the spoke, the order of magnitude
of this error is easily estimated. Under standard conditions the azimuthal

Plasma streaming velocity near the anode is about

o .
Vo * 0 em/fsec.

which corresponds to a directed energy of
£ svectes X 22 e V.

At the floating potential the net current to the probe vanishes, i.e.

3 ow = ) electron

Neglecting the ion thermal motions and assuming that the electrons are

Maxwelllan we get

. eV
R
neVs = T %€C e

where Vg 1s the floating potential and Cg 1s the mean electron thermal
speed. Assﬁming gquasi neutrality in the plasma and solving for \[c we get
Yoo T )
S
The logarithm factor is of the order of 2.7 in this case so that the
resulting error is roughly 3 times the electron temperature ;’Ln eV. The

data can be corrected whén the electron temperature is determined.
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Preliminary spectroscopic observations indicate that the electron tempera-
ture is less than 3 eV; therefore, the correction to the anode drop is

probably less than 10 volts.

6. Biased probe measurements

The interpretation of Langmuir probe date in a magnetic field is very
complicated. However, under standard conditions the ion gyro radius is
larger than the Debye length and probe dimensions, therefore the effects
of the magnetic field on the ions collected by the probe can be neglected.
If now the probe is biased strongly negative with respect to the floating
potential (and therefore also with respect to the plasma space potential)
the plasma electrons are repelled and the probe collk cts ion saturation
current.

Since the Debye length is very small and the mean free path of neutral
atoms 1s large compared to a characteristic probe dimension, it is possible
to write expressions for the ion saturation current density.

If the plasma streaming velocity relative to the probe 1s small com-
pared to the mean lon thermal velocity

vy

Jt, = e (Le)
5at, M;
where theories give o values from O.4t to 1.0.

If the plasma streaming velocity is large compared to the ion thermal

speeds
\‘Sa‘t_ = Ne VS

where VS is the streaming velocity relative to the probe. This dependence
on the plasme streaming velocity has been used to detect plasma velocities

and, in particular, to determine whether the current spoke corresponds to
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" actual plasma motion or an ionization wave that is propagating azimuthally.
This has been done by putting a pair of plane electrodes on opposite sides
of a probe and orienting them in the azimuthal direction with one electrode
facing the oncoming current spoke. If the plasma is not streaming relative
to‘the probe, the two electrodes should collect equal current densities
given ﬁy the theory of Bohm. A difference in the magnitudes of the satura-
tion currents implies that the plasma is streaming relative to the probe.
Figure 1l is a plot of the ion saturation currents to the front and rear
electrodes as functions of radius. The current density to the front elec-
trode is approximately proportional to the radius. Since the azimuthal
spoke velocity is also proportionael to the radius, the data seems to indi-
cate that the plasma is moving with the current spoke.

A tacit assumption made in the preceéding considerations is that the
Plasma aensity does not vary with radius. While this has not yet been
firmly established, it seems very probable because of the lack of any
radial dependence in both the observed radiation intensities and the ion
saturation current to the rear electrode (Figure 11).

If the plasma is rotating with the spoké, the centrifugal force should
accelerate the plasma radially causing it to be spun out to the anode. The
biased probe was oriented radially, with one electrode facing the cathode,
in order to detect radial plasma streaming velocities. Figure 12 shows the
time dependence of the ion saturation currents to the inside and outside
electrodes.

An internal spoke structure seems to be evident from the data in
Figure 12. At the leading edge of the spoke the net radial plasma velocity
is directed outward, while the plasma in the trailing edge of the spoke
seems to be moving inward. The inward plasma motion seems to be correlated

with the arc current density.
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An attempt is now underway to construct an MHD model of the pliasma

spoke. A computer code is being developed for this purpose.

T. Beam analysis

Further testing of the device described in the last report indicated
that the observed energy spectrum had been severely distorted by charge
exchange processes within thé analyzer.

In order to reduce the charge exchange to an acceptable level, & more
compact analyzer is now under construction. A plasma shutter has been
incorporated into the design, so that both the energy and velocity distri-
butions can be determined. It will then be possible to establish the

relative contributions of the different stages . of ionization.

8. Summary

More detailed measurements of spatial distributions of current and
potential have been made possible through the development of improved
diagnostics.

The development of the photqmultiplier telescope permits spatial
resolution of the visible radiation emitted by the plasma. The source
of the radiation seems to have roughly the same spatial structure as the
current in the arc.

Biased probe measurements indicate that the plasme is moving azimu-
thally with the spoke and that the spoke exhibits some internal structure.

The developﬁent of an MHD model of the spoke is in progress.
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